Introduction: In this cross-sectional study, we aimed to detect differences in cerebral blood flow (CBF) between subjects with Alzheimer's disease (AD), mild cognitive impairment (MCI), and subjective cognitive decline (SCD), using two-dimensional phase-contrast magnetic resonance imaging. Methods: We included 74 AD patients (67 years, 51% female), 36 MCI patients (66 years, 33% female), and 62 patients with SCD (60 years, 32% female) from the Amsterdam Dementia Cohort. Patients with SCD are those who visited the memory clinic with subjective cognitive complaints without objective cognitive impairment. Whole-brain CBF (mL/100 g/min) was calculated using total volume flow measured with two-dimensional phase-contrast magnetic resonance imaging and normalized for brain volume. Results: Mean CBF values (SD) were lower in AD compared to SCD (age and sex adjusted 70 6 26 vs. 82 6 24 mL/100 g/min, P , .05). Mean CBF values of MCI were comparable to AD. Across clinical groups, lower CBF was associated with lower scores on the Mini-Mental State Examination (age and sex adjusted stb 5 0.19 per mL/100 g/min; P 5 .02). Discussion: Lower whole-brain CBF is seen in AD patients compared to SCD patients and is associated with worse cognitive function.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease caused by accumulation of amyloid plaques and neurofibrillary tangles, eventually leading to brain atrophy [1] . Accumulating evidence shows that patients with AD not only have brain atrophy but also have lower cerebral blood flow (CBF) compared to those with subjective cogni-tive decline (SCD). It is possible that neurodegeneration and small vessel disease (SVD) independently contribute to lower CBF in subjects with AD and that CBF may reflect total disease burden in AD [2, 3] .
Several techniques can be used to measure CBF in subjects: single-photon emission computed tomography, positron emission tomography (PET), and arterial spin-labeling (ASL) magnetic resonance imaging (MRI) [2, [4] [5] [6] [7] [8] [9] . However, these techniques have several disadvantages. Single-photon emission computed tomography and PET are invasive, and ASL is very sensitive to measurement variability [8] .
Two-dimensional phase-contrast (2D PC) imaging may be a promising alternative. This is a noninvasive, relatively fast, and cheap technique that measures the average flow in the carotid and basilar arteries. Furthermore, 2D PC imaging is an accurate and reproducible method to assess whole-brain CBF [10] . Two small studies and one larger study showed that 2D PC imaging is capable of measuring whole-brain CBF, which can be used to differentiate between subjects with SCD and with AD [6, 11, 12] . However, those studies did not adjust for brain volume. This is an important limitation because brain volume may be a confounder in the relationship between cerebral perfusion and cognition [13] . Two studies that did adjust for brain volume were performed in the general population and in subjects with diabetes mellitus, showing contradictory results for the association of CBF with cognition [13, 14] .
We used 2D PC MRI to investigate differences in CBF, normalized for brain volume, in a large sample of subjects with AD, mild cognitive impairment (MCI), and SCD. In addition, we studied the association between CBF and cognitive function.
Methods

Subjects
In this cross-sectional study, 231 subjects were selected from the memory clinic-based Amsterdam Dementia Cohort. All subjects visited the memory clinic between October 2010 and May 2011 and underwent an extensive dementia screening, including medical history, neurological and physical examination, cognitive assessment, and brain MRI including 2D PC MRI [15] . The 2D PC image could not be used for the calculation of CBF when the lumen of (one of) the vessel(s) was not distinguishable from the static tissue (e.g., due to movement or artifacts). This led to the exclusion of 59 subjects.
In total, 172 subjects were included in the present study: 74 patients with AD, 36 patients with MCI, and 62 patients with SCD [16, 17] . We found no difference in demographics between the study subjects and the subjects who were excluded because of their 2D PC MRI. The excluded patients were evenly distributed over the diagnostic groups.
AD diagnosis according to the National Institute of Neurological and Communicative Disorders and Stroke -Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria [18, 19] and MCI diagnosis according to the Petersen criteria [20, 21] were made based on the consensus of a multidisciplinary team [15] . Subjects with SCD were those who visited our memory clinic with subjective cognitive complaints, but for them, clinical examination and neuropsychological tests were normal (i.e., criteria for MCI, dementia, or any other neurological or psychiatric disease that might cause cognitive decline were not met).
We collected information on presence of hypertension, hypercholesterolemia, and diabetes mellitus based on selfreported medical history and medication use. We dichotomized smoking into current and never/former smoking.
The other cardiovascular risk factors were also dichotomized into present or absent. Mini-Mental State Examination (MMSE) scores were used as a measure of cognitive function.
The ethical review board of the VU University Medical Center approved the study. All subjects gave written informed consent to use their clinical information for research purpose.
MRI acquisition
All subjects underwent brain MRI imaging on a 3.0 T whole-body MRI scanner (Signa HDxt, General Electric Medical Systems, Milwaukee, WI, USA) using an eightcoil-channel head coil. The scan protocol has been described elsewhere more extensively [4] .
The MRI protocol included a three-dimensional T1-weighted sequence (repetition time [TR] 5 7.8 ms, echo time [TE] 5 3 ms, inversion time 5 450 ms, flip angle 5 12 , and voxel sixe 5 1.0 ! 0.9 ! 0.9 mm); a sagittal three-dimensional fluid-attenuated inversion recovery (TR 5 8000 ms, TE 5 123.6 ms, inversion time 5 2350 ms, and voxel size 5 1.0 ! 1.0 ! 1.0 mm); an axial 2D T2* gradient echo with an echo-planar read-out (TR 5 5300 ms, TE ;5 25 ms, and voxel size 5 1.0 ! 0.5 ! 0.5 mm); and an axial 2D proton density/T2-weighted (PD-T2) fast spin echo (TE 5 20/112 ms, TR 5 8680 ms, and voxel size 5 1.0 ! 0.5 ! 0.5 mm). All scans were checked by neuroradiologists for gross abnormalities.
Medial temporal lobe atrophy (MTA) was rated on the coronal reconstructions of the T1-weighted images with scores ranging from 0 to 4 [22] . For analyses, we used the mean of left and right MTA scores and dichotomized this into low (,1.5) or high (.1.5). White matter hyperintensities (WMHs) were rated using the Fazekas scale, with scores ranging from 0 to 3, on the fluid-attenuated inversion recovery images [23] . The Fazekas score was dichotomized into low (0-1) and high (2) (3) . Microbleeds were defined as small round hypointense foci on T2*-weighted images, with a maximum diameter of 10 mm located in brain parenchyma. Lacunes were defined as deep lesions (3-15 mm) with cerebral spinal fluid (CSF)-like signal on all sequences. Microbleeds and lacunes were counted and for the analyses dichotomized into present or absent. The rater was blinded to the subjects' clinical data [2] .
For the estimation of brain volume, not normalized by head size, T1 images were used. Preprocessing using FSL (version 5.0, www.fsl.fmrib.ox.ac.uk/fsl) included non-brain tissue removal [24] , linear registration to standard space [25] , and tissue segmentation [26] , as previously described [4] .
2D PC MRI
For flow measurement, nongated 2D PC imaging was performed. A transverse 2D PC image was made in a plane perpendicular to the internal carotids and basilar artery at the base of the skull (TR 5 23.0 ms, TE 5 7.2 ms, field of view 5 26.0 cm 2 , matrix 512 ! 512, flip angle 5 15 , number of excitations 5 4.0, bandwidth 5 14.71 kHz, velocity encoding 100.00 cm/s, and slice thickness 5 5.0 mm). For planning purposes, the 2D PC scan was preceded by a coronal 2D PC angiogram (slice thickness 5 3 mm). Both the coronal source images and a sagittal maximum intensity projection (MIP) were used to plan the 2D PC image ( Fig. 1 ).
Flow calculations
Circular regions of interest (ROIs) were manually drawn around the basilar, the right, and the left carotid artery in the 2D PC image (Fig. 1) . The ROIs were drawn on an enlarged PC image (magnitude 5x), making the placement of each ROI very exact. It was made sure that the ROI encompassed the entire lumen of the vessel, while including as few stationary tissue voxels as possible. The given mean value, comprising the velocity, and the area for each ROI was recorded. Volume flow of each vessel was calculated by multiplying the mean ROI velocity with the ROI area. Total volume flow was calculated by summing the volume flow of the three arteries and corrected for static flow offsets [27, 28] . Total volume flow was normalized to whole-brain volume to create whole-brain CBF in mL/100 g/min. Formulas are found in Supplementary Materials. Repeat analyses were performed at random in 16 scans (J.F.L. and I.S.v.M.), in which excellent agreement was achieved (intraclass correlation coefficient .0.99).
To correct for the stationary tissue voxels, we performed a first-order correction of background phase errors [27] . We drew four background ROIs in static tissue: two upper ROIs placed in the sternocleidomastoid muscle on both sides and two lower ROIs placed symmetrically relative to the three vessel ROIs (Fig. 1 ). We chose the sternocleidomastoid muscle for the upper background ROIs. This region was chosen to be sure that no large vessels were in the background ROI, affecting the measured offset values. The flow offset is known to vary spatially [28] , and the symmetry of the background ROIs yields a first-order correction.
Statistical analysis
Differences between diagnostic groups were analyzed using one-way analyses of variance or c 2 tests. For ordinal measures, the Mann-Whitney U test was used. We studied the association of mean whole-brain CBF and diagnostic groups using the analysis of variance test. The association of CBF (independent variable) with MMSE scores (dependent variable) across and within diagnostic groups was studied with linear regression analysis. Furthermore, we studied the associations of CBF with the separate demographics using linear regression analyses.
All analyses were adjusted for age and sex and additionally for cardiovascular risk factors (hypertension, hypercholesterolemia, diabetes mellitus, and smoking) and separately for MRI markers of SVD (lacunes, WMHs, and micro-bleeds). All analyses were performed using software package SPSS (Chicago, IL, USA), version 22.0, for Windows. Table 1 gives the patient characteristics for the total study sample by diagnosis groups. SCD patients were on average 6 years younger than those with MCI, and 7 years younger than AD patients. Compared to subjects with SCD, the AD group consisted of more women. As expected, MMSE scores were lower in AD than in MCI and SCD. No differences in cardiovascular risk factors were found between diagnostic groups.
Results
Demographics
Patients with MCI and AD had more WMHs, microbleeds, and MTA compared to subjects with SCD. AD patients also had higher MTA scores compared to MCI and lower brain volumes compared to patients with MCI and subjects with SCD. Patients with MCI had more lacunes than those with SCD and those with AD.
Cerebral blood flow
After adjusting for age and sex, CBF was lower in patients with AD compared to those with SCD ( Fig. 2) . After additionally adjusting for cardiovascular risk factors, CBF was lower in both patients with AD and MCI compared to subjects with SCD (mean difference [MD] 5 210.2 6 standard error [SE] 4.5 and 210.4 6 SE 5.1; P 5 .02 and P , .05, respectively). When adjusting for age, sex, and SVD, CBF only differed between AD and SCD (MD 5 210.0 6 SE 4.4; P 5 .03).
Across clinical groups, we found an association between higher CBF and higher scores on the MMSE (standardized beta [stb] 0.19 per mL/100 g/min; P 5 .02), after correction for age and sex. After additional adjustment for cardiovascular risk factors, or for MRI markers of SVD, the associations remained almost identical (stb 0.19 per mL/100 g/min; P 5 .01, and stb 0.18 per mL/100 g/min; P 5 .02, respectively). No association of CBF with MMSE was found within each of the diagnostic groups.
Women had a higher CBF than men. Older age was associated with lower CBF. No differences in CBF were found between subjects with cardiovascular risk factors or with signs of SVD on MRI and those without. MTA score was also not associated with CBF in the whole group. Table 2 shows the results of the associations of these demographics with CBF.
Discussion
In this memory clinic-based population, we found that whole-brain CBF was lower in AD patients compared with SCD patients and that lower CBF was associated with worse cognition across diagnostic groups after adjustment for age and sex. The mean CBF values of MCI patients were in comparable with AD patients. Our results are in line with previous studies using several other techniques, showing lower CBF in subjects with AD compared to those with SCD [2, [4] [5] [6] [7] [8] [9] . No difference in CBF between MCI and AD subjects was found in the present study. A study investigating CBF changes in relation to predementia stages of AD also showed no difference in whole-brain CBF measured with ASL between patients with AD and stage-2 predementia patients with abnormal CSF amyloid b 1-42 (Ab) and tau [5] . A different study showed that patients with AD had lower uncorrected CBF and corrected white matter CBF than those with MCI; however, no difference between these groups was found for corrected cortical CBF [4] .
The findings from the present study strengthen the notion that CBF measured by PC MRI may be a potential biomarker for AD. The exact moment in the pathophysiological process where CBF becomes impaired relative to other biomarker changes needs yet to be established [8, 9, 29] . A previous study showed that compared to patients with SCD, CBF was lower in predementia patients when both Ab and tau were abnormal in the CSF (stage 2) but was not lower when only Ab in the CSF was abnormal (stage 1). This suggests that CBF changes occur further along the disease process than the accumulation of Ab [5] . Another possible pathway leading to reduced CBF is through the presence of SVD [3] . However, in the present study, no associations between CBF and MTA were found, nor between CBF and SVD or cardiovascular risk factors. This suggests that reduced CBF in AD may be a reflection of other processes, for example, hypometabolism [30] . CBF values in our study were relatively high compared with those previously reported: our mean CBF for patients with SCD was 81.8 mL/100 g/min, whereas the mean CBF measured with ASL reported in the literature for controls is 50 mL/100 g/min [2] [3] [4] [5] . However, it may be possible that this difference is the result of the different approaches used by these techniques for the measuring CBF. ASL has some disadvantages related to its labeling sequences: low spatial resolution, sensitivity to transit time effects, and the low sensitivity to white matter CBF [9] . Most studies using ASL acquire only one postlabel delay time and could therefore confound the measurement of elderly with a decreased blood velocity [31] . PC MRI measures all the blood flowing toward the brain. This may lead to overestimation of whole brain perfusion as a fraction of the blood in the carotid and basilar arteries might go directly to the venous system without exchange with brain tissue [32] . Partial volume effects at the vessel boundary and intravoxel phase dispersion can also lead to a systematic overestimation of CBF measured with 2D PC MRI [33] [34] [35] . However, volume flow estimation is reported to be accurate when the number of voxels across the vessel diameter is three or more [36] . Our results can be considered accurate, as the smallest diameter of a vessel measured was 6 voxels.
No differences in presence of cardiovascular risk factors were found between AD, MCI, and SCD patients. Nonetheless, we decided to do additional adjustments for these factors because from a theoretical standpoint cardiovascular risk factors can be seen as confounders in the association between CBF and diagnostic groups, as it is known that they can have an additive effect in AD development [37] .
This study has some limitations that need to be addressed. A limitation of the study was that 26% of the 2D PC images could not be used for the calculation of CBF because the lumen of (one of) the vessels was not distinguishable, leading to the exclusion of these subjects. For several reasons, the placement of a plane perpendicular to the vessels can be difficult for an MRI technician. The shape of the individual vessels can make parallel placement of the slice to all arteries impossible, and sometimes distinguishing each of the vessels can be challenging. In the future, automated slice positioning of the 2D PC flow image may help to improve precision by reducing measurement variability [35, 38] . Although we had to exclude patients because of difficulties with the placement of a plane perpendicular to all three vessels, we were able to find a difference between the patient groups with this technique. A second potential limitation of the present study is that SCD patients consisted of subjects with subjective cognitive complaints rather than healthy subjects from the community. This may have attenuated the difference between AD and MCI patients and patients with SCD. Third, it must be noted that in the present study subjects with MCI and AD were older than subjects with SCD and that older age was associated with lower total CBF in this study. This negative association of CBF with age has also been found in other studies [3, 11, [39] [40] [41] . We adjusted for age, and although some residual confounding by age cannot be excluded, we deem it unlikely that this would have had a large effect on our results. Finally, as a consequence of the cross-sectional study design, we were not able to study the prognostic value of 2D PC-measured CBF with regard to clinical progression, or in the case of the MCI subjects' progression toward AD. A prospective longitudinal study in cognitive intact elderly found a lower CBF using PC MRI at baseline as a predictor of subtle cognitive decline at 18 months, suggesting PC MRI can be used to predict cognitive decline [31] . A strength of our study is the relatively large sample size in each diagnostic group. An additional strength of our study is that we normalized whole-brain CBF for brain volume, a significant potential confounder in some previous studies [6, 11, 12] .
Biomarker confirmation of Ab using amyloid PET or CSF plays an important role in diagnosing AD, although cerebral Ab deposition does not correlate well with cognitive status or disease stage [42] . Recent studies investigating the association of cognition and CBF measured with ASL have shown that CBF levels do correlate with cognitive impairment. Furthermore, a recent study showed that lower CBF values were associated with faster cognitive decline and might be able to predict future decline in a patient [16] . CBF may therefore be an imaging biomarker of disease severity [4, 5, 16, 17, 43, 44] . Biomarkers for disease severity are important for prognosis and may act as surrogate end points in clinical trials with disease-modifying drugs. In recap, CBF measured with ASL has potential to be important both in clinical as in research setting. In the present study, we have shown that CBF measured with 2D PC MRI also has potential as a marker for disease.
In conclusion, the present study shows that 2D PC MRI can detect differences in CBF between subjects with AD and SCD. 2D PC MRI is relatively cheap, fast, and noninvasive and may therefore be a promising technique for detecting CBF changes in both clinical and research setting.
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RESEARCH IN CONTEXT
1. Systematic review: We searched PubMed for publications regarding cerebral blood flow (CBF) and Alzheimer's disease (AD). We also searched for relevant publications in the reference lists of articles. Evidence suggests that CBF may be used as a determinant of cognitive decline in AD. In the past, several techniques have been used to measure CBF; however, each technique has specific disadvantages prohibiting widespread clinical use. Two-dimensional phase-contrast (2D PC) magnetic resonance imaging (MRI) may be a fast and cheap technique that can be used in clinical settings to measure whole-brain CBF.
2. Interpretation: Our results suggest that 2D PC MRI may be a promising technique for detecting wholebrain CBF changes and that it may be used as an additive diagnostic marker for AD in a clinical setting.
Future directions:
Longitudinal studies using 2D PC MRI should investigate whether 2D PC MRI can be used to predict future decline in a patient.
